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Abstract
We report the first measurement of the D∗− meson polarization in the decay B0 → D∗−τ+ντ
using the full data sample of 772×106 BB¯ pairs recorded with the Belle detector at the KEKB
electron-positron collider. Our result, FD
∗
L = 0.60± 0.08(stat)± 0.04(sys), where FD
∗
L denotes the
D∗− meson longitudinal polarization fraction, agrees within about 1.7 standard deviations of the
standard model prediction.
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INTRODUCTION
Decays of B mesons to final states containing τ leptons provide an important test-bed
for the standard model (SM) and its extensions. Of special interest are theoretically well-
controlled semitauonic decays B → D¯(∗)τ+ντ [1], where new physics (NP) may contribute
at tree level. Complementary sensitivities of the decays B → D¯τ+ντ and B → D¯∗τ+ντ
to various SM extensions, and the rich spectrum of kinematical observables accessible in
the three-body final states, enable comprehensive studies of the underlying dynamics in
b¯ → c¯τ+ντ transitions [2, 3]. This potential is still far from being fully explored, primarily
due to the inherent measurement challenges associated with multiple neutrino final states.
The decays B → D¯(∗)τ+ντ have been studied experimentally by Belle [4–8], BaBar
[9, 10], and LHCb [11, 12]. So far, the experiments measured the branching fractions
B(B → D¯(∗)τ+ντ ), or the ratios R(D(∗)) = B(B → D¯(∗)τ+ντ )/B(B → D¯(∗)`+ν`), (` = e, µ),
distributions of several kinematic variables, and recently the longitudinal tau polarization,
PD
∗
τ , in the D
∗ mode [8]. While the results on differential decay rates and PD
∗
τ are still
statistically limited, the experimental values of R(D(∗)) already challenge the SM and
some of its extensions. The current world averages of R(D) = 0.407 ± 0.039 ± 0.024 and
R(D∗) = 0.306 ± 0.013 ± 0.007 [13] exceed the SM predictions R(D) = 0.299 ± 0.003 [14],
and R(D∗) = 0.257 ± 0.003 [15] by 2.3 and 3.0 standard deviations (σ), respectively, and
the combined results on R(D(∗)) deviate from the SM by about 3.8 σ. Interestingly, it is
also difficult to accommodate the observed branching fractions within the two Higgs doublet
models [16, 17], mainly due to the relatively large excess in the B → D¯∗τ+ντ mode, which
is expected to be less sensitive to the charged Higgs contributions than the B → D¯τ+ντ
channel. Further studies of kinematic distributions and angular observables in semitauonic
B decays may provide new clues to unravel the R(D(∗)) puzzle. An interesting observable,
not explored so far experimentally, is the D∗ polarization. In the SM, the fraction of D∗
longitudinal polarization, FD
∗
L , is expected to be around 0.45 [3, 18–21], and the most recent
predictions are 0.441 ± 0.006 [20], and 0.457 ± 0.010 [21]. The value of FD∗L can be signifi-
cantly modified in the presence of NP contributions [3, 19–22]; in particular, the scalar and
tensor operators may enhance and decrease FD
∗
L , respectively. In this paper, we present the
first measurement of the D∗ polarization in the B0 → D∗−τ+ντ decay. We extract FD∗L from
the angular distribution in D∗− → D¯0pi− decay:
1
Γ
dΓ
d cos θhel
=
3
4
(2FD
∗
L cos
2 θhel + (1− FD∗L ) sin2 θhel), (1)
where θhel is the angle between D¯0 and the direction opposite to B
0 in the D∗− rest frame.
DETECTOR AND DATA SAMPLES
This analysis is based on the full Υ(4S) data sample containing 772 × 106B¯B pairs
recorded with the Belle detector at the asymmetric-beam-energy e+e− collider KEKB [23].
The Belle detector, described in detail elsewhere [24], is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector (SVD), a 50-layer central drift chamber
(CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement
of time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter (ECL)
comprised of CsI(Tl) crystals located inside a superconducting solenoid coil that provides
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a 1.5 T magnetic field. An iron flux-return located outside of the coil is instrumented to
detect K0L mesons and to identify muons (KLM). Two inner detector configurations were
used. A 2.0 cm radius beampipe and a 3-layer SVD was used for the first sample of 152×106
BB¯ pairs, while a 1.5 cm radius beampipe, a 4-layer SVD and a small-cell inner drift cham-
ber were used to record the remaining 620 × 106 BB¯ pairs [25]. The analysis procedure is
established using Monte Carlo (MC) samples. Particle decays are modeled by the EvtGen
package [26], and followed by detector simulation performed with GEANT3 [27]. Radia-
tive effects are modeled by PHOTOS [28]. Two large samples (100 × 106 events each) of
B0 → D∗−τ+ντ decays are simulated within the SM using hadronic form factors based
on the Isgur-Scora-Grinstein-Wise (ISGW) model [29] and on heavy quark effective theory
(HQET) [3], respectively. To model the background, we use MC samples of continuum qq¯
(q = u, d, s, c), and inclusive BB¯ decays. The sizes of these samples are, respectively, six
and ten times that of the collision data. Additionally, we use a sample of semileptonic
B decays to orbitally-excited charmed mesons B → D¯∗∗`+ν` (D¯∗∗ stands for D¯1, D¯∗2, D¯′1,
and D¯∗0) generated with the ISGW model and decay kinematics corrected to match the
Leibovich-Ligeti-Stewart-Wise model [30], that exceeds six times the data sample.
SIGNAL RECONSTRUCTION
The analysis adopts the approach of Refs. [4, 5]; signal decays (Bsig) are reconstructed
first, and the accompanying B meson (Btag) is reconstructed inclusively from all the particles
that remain after selecting the Bsig candidate. We use the following secondary Bsig decays:
τ+ → `+ν`ν¯τ , pi+ν¯τ , D∗− → D¯0pi−, D¯0 → K+pi−, K+pi−pi0, K+pi+pi−pi− (denoted hereinafter
as Kpi, Kpipi0 and K3pi, respectively). Primary charged tracks are required to have impact
parameters consistent with an origin at the interaction point (IP), and to have momenta in
the laboratory frame above 50 MeV [31]. K0S mesons are reconstructed using pairs of charged
tracks (treated as pions) satisfying the invariant mass requirement 482 MeV < Mpi+pi− < 514
MeV with a vertex displacement from the IP consistent with the reconstructed momentum
vector. Muons, electrons, charged pions, kaons and protons are identified using information
from the particle identification subsystems. The momenta of particles identified as electrons
are corrected for bremsstrahlung by adding photons within a 50 mrad cone along the lepton
trajectory. The pi0 candidates are reconstructed from photon pairs having 118 MeV <
Mγγ <150 MeV. For candidates that share a common γ, we select the one with the smallest
χ2 value resulting from a pi0 mass-constrained fit. To reduce the combinatorial background,
we require that the photons from the pi0 have energies greater than 50 MeV in the barrel
part of the ECL and greater than 100 MeV in the end-caps. Photons that are not associated
with a pi0 are accepted if their energy exceeds a polar-angle dependent threshold ranging
from 100 MeV to 200 MeV.
The D¯0 candidates, formed in the above specified channels, are required to have masses
in the range −25(−30) MeV < MD¯0 −mD¯0 < 25 MeV for D¯0 → Kpi,K3pi(Kpipi0) around
the nominal D¯0 mass, mD¯0 [32], corresponding to a window of approximately ±4.5(±2.5)σ.
The D∗− candidates are reconstructed from D¯0pi− pairs; we require that the mass difference
∆MD∗ = MD∗− − MD¯0 lie in the window ±2.5 MeV (±3σ) around the nominal value of
145.43 MeV [32].
Signal candidates are selected by combining a D∗− meson with an oppositely charged elec-
tron, muon or pion. In the sub-channels with the τ+ → pi+ν¯τ decay, the large combinatorial
background is suppressed by requiring the pion energy to be more than 0.5 GeV. Particles
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that are not assigned to Bsig are used to reconstruct the Btag decay. The consistency of a
Btag candidate with a B-meson decay is checked using the beam-energy constrained mass
and the energy difference variables in the Υ(4S) frame: Mtag =
√
(E2beam − |ptag|2) and
∆Etag = Etag − Ebeam, where ptag =
∑
i pi, Etag =
∑
iEi, Ebeam is the colliding-beam en-
ergy, and pi and Ei denote the 3-momentum vector and energy, respectively, of particle i.
The summation is over all particles that are assigned to the Btag candidate. We require that
candidate events be in the range Mtag > 5.2 GeV and −0.30 GeV < ∆Etag < 0.05 GeV.
The average number of candidates per event is about 1.03 for (D∗−`+) pairs and 1.08 for
(D∗−pi+) pairs. From multiple candidates, we select a (D
∗−d+τ ) pair (throughout the paper,
dτ stands for the charged τ daughter: e, µ, or pi) with the best D
∗− candidate, based on
the value of ∆MD∗ . For the pairs sharing the same D
∗− candidate, we perform a vertex fit
to Btag candidates, using all charged particles assigned to the tagging side, and select the
one with the largest fit probability. Events with incorrectly or incompletely reconstructed
Btag are suppressed by imposing the following requirements: zero total event charge; no
charged leptons in Btag decay; zero net proton/antiproton number; Eres, the residual en-
ergy in the electromagnetic calorimeter (i.e., the sum of energies of clusters that are not
included in Bsig nor Btag) less than 0.8 GeV, number of neutral particles on the tagging side
Npi0 + Nγ < 5, and multiplicity of charged tracks Nch < 15. For candidates with dτ = pi,
we require no K0L candidate in the event. For further analysis, we accept events that satisfy
requirements derived from the kinematics of signal decays: q2 ≡ M2W = (psig − pD∗−)2 > 4
GeV2, (psig = (Ebeam,−ptag)), and for (D∗−pi+) candidates, M2W > M2miss +m2τ (mτ denotes
the nominal mass of the τ lepton, and the missing mass squared M2miss = (psig−pD∗−−pd+τ )2
corresponds to the square of the effective mass of the neutrino system). With these require-
ments, the Mtag distribution of the signal peaks at the B
0 mass with more than 80% (60%)
of the events being contained in the region Mtag > 5.26 GeV for dτ = `(pi).
BACKGROUND SUPPRESSION AND CALIBRATION
To suppress background, we exploit observables that are sensitive to multiple neutrinos
in the final state: the visible energy Evis, which is the sum of the energies of all particles in
the event, and the fraction Xmiss = (Emiss − |pD∗− + pd+τ |)/
√
E2beam −m2B0 , where Emiss =
Ebeam − (ED∗− + Ed+τ ) and mB0 is the nominal B0 mass, that approximates missing mass
and does not depend on the Btag reconstruction [4]. Xmiss falls in the range [−1, 1] for events
with zero missing mass (e.g., with a single neutrino) but takes larger values if there are more
undetected particles (e.g., multiple neutrinos). The requirements Evis < 8.7 (8.8) GeV, and
Xmiss > 1.5 (1.0) for dτ = ` (pi) are chosen to maximize the statistical figure of merit
FOM = NS/
√
NS +NB (NS and NB denote the expected signal and background yields in
the window Mtag > 5.26 GeV), assuming SM value of B(B0 → D∗−τ+ντ ) = 1.45%. The Mtag
distributions are expected to be flat for most background components, while the distribution
of the signal remains unchanged. Residual peaking background stems from semileptonic
decays B0 → D∗−`+ν` and B → D∗−X`+ν` (including B → D¯∗∗`+ν`). The abundance of
these and other background components is calibrated to data, separately for each signal
decay chain. The MC samples are divided into the following categories: B → D¯∗`+ν`,
B → D¯∗∗`+ν`, hadronic B decays, and cc¯ and uu¯+ dd¯+ ss¯ continuum. Hadronic B decays
are further split into two subcategories: events with correctly assigned daughters to mother
decays, and random combinatorial. The normalizations of these components are determined
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by fitting the experimental distributions of Mtag, ∆Etag, Xmiss, Emiss, Evis, Ed+τ , M
2
W , Eres,
and R2, the last being the ratio of the second and zeroth Fox-Wolfram moments [33]. The
region Mtag > 5.26 GeV and Xmiss > 0.75 for leptonic τ decays, or Xmiss > 0.5 for τ → piν,
where we expect enhanced signal contribution, is excluded from the fit. In the (D∗−pi+)
pairs, a large part of the background comes from fake D¯0 candidates. This component
is fixed from a comparison of the data and the MC data in the side-bands of the mD0
distributions. Assuming the branching fraction B(B0 → D∗−τ+ντ ) = 1.45%, we expect in
the signal enhanced region Mtag > 5.26 GeV and in the range −1 ≤ cos θhel ≤ 0 around
170 (200) signal (background) events for (D∗−`+) pairs and 115 (290) events for (D∗−pi+)
pairs.1 In the latter case, the signal yield includes also cross-feed events from other τ decays,
mainly from τ+ → ρ+ν¯τ . For leptonic τ decays, the main background contribution (≈ 35%)
comes from semileptonic B decays to excited charmed resonances. Events with fake D¯(∗)
candidates constitute around 45% of the (D∗−pi+) background.
FITTING PROCEDURE
The cos θhel distribution is measured by dividing the range −1 ≤ cos θhel ≤ 0 into three
equidistant bins. Signal yield in the I-th bin of cos θhel is extracted from an extended
unbinned maximum likelihood fit to the Mtag distributions in that bin using the following
likelihood function:
LI = e−[NIs+
∑
k(N
k
pI+N
k
bI)]
NI∏
i=1
[N Is
∑
k
wkP
k
s (xi) +
∑
k
(NkpIP
k
s (xi) +N
k
bIP
k
bI(xi))], (2)
where xi is the Mtag value of the i
th event, the index k runs over decay chains, and N I
is the total number of events in the Ith bin of cos θhel in data. The probability density
functions (PDF), P ks , that describe signal and peaking background are parameterized using
the Crystal-Ball (CB) function [34]. Our MC studies show that for a given type of dτ ,
the shape of the CB component does not depend on cos θhel and is the same for all D¯
0
decays. PDFs denoted P kbI describe combinatorial background, and are parameterized with
an ARGUS-function (AR) [35]. All shape parameters of the PDFs are determined from fits
to the MC samples and fixed in the fit to data. The coefficients wk contain reconstruction
efficiencies and partial decay rates of individual decay chains, and are calculated using
signal MC. N Is , N
k
bI , and N
k
pI are the yields of signal, combinatorial background and peaking
background in the Ith bin of cos θhel, respectively. N
I
s and N
k
bI are free parameters of the
fit, while NkpI are fixed to the values obtained from fits to MC samples and scaled to the
data integrated luminosity. The signal yields obtained in the bins of cos θhel are reweighted
with the following scale factors s1 = 0.98 ± 0.01 (−1 ≤ cos θhel < −0.67), s2 = 0.96 ± 0.01
(−0.67 ≤ cos θhel < −0.33), and s3 = 1.08 ± 0.01 (−0.33 ≤ cos θhel < 0), in order to
correct for small acceptance variations along cos θhel. The quoted errors arise from statistical
uncertainties of the signal MC.
The D∗− polarization is measured by fitting the obtained cos θhel distribution using Equa-
tion 1, with FD
∗
L as the only free parameter. The procedure has been tested by fitting
ensembles of simulated experiments varying FD
∗
L in the range of 0 ≤ FD∗L ≤ 1. These
1 The region cos θhel > 0 is excluded from the analysis due to strong acceptance artifacts caused by the low
D∗− reconstruction efficiency.
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pseudo-experiments are generated using the shapes of the fitted PDFs for the signal and
background components and with the number of events Poisson-distributed around the ex-
pected yields. The pull distributions of the extracted FD
∗
L values are consistent with standard
normal distributions in the entire range of FD
∗
L .
As a cross check, we apply our procedure to measure the D∗ polarization in decays
B0 → D∗−e+νe, and obtain the result FD∗L (B0 → D∗−e+νe) = 0.56± 0.02, which agrees well
with the value of 0.54 (0.53) predicted in the covariant quark model (heavy quark limit)
[18].
RESULTS
Applying the procedure described above to data, we obtain the following yields of signal
in the three bins of cos θhel: N
1
s = 151 ± 21 (−1 ≤ cos θhel < −0.67), N2s = 125 ± 19
(−0.67 ≤ cos θhel < −0.33), and N3s = 55±15 (−0.33 ≤ cos θhel < 0), where the uncertainties
are statistical. The corresponding statistical significances are Σ1 = 8.8σ, Σ2 = 7.8σ, and
Σ3 = 4.1σ, respectively. The statistical significances are defined as ΣI =
√
−2 ln(LI0/LImax),
where LImax and LI0 denote the maximum likelihood value and the likelihood values for the
zero signal hypothesis. Fit projections are shown in Figs. 1–3.
The signal yields N Is are weighted for acceptance corrections using the scale factors sI . By
fitting Eq. 1 to the obtained cos θhel distribution, we measure F
D∗
L = 0.60± 0.08 (statistical)
with χ2/ndf = 1.95/2. The fit result is shown in Fig. 4.
Systematic uncertainties
The measurement of FD
∗
L is not affected by absolute normalization of the signal yield.
Therefore, uncertainties related to the number of BB¯ pairs, Btag reconstruction efficiency,
and those coming from the limited accuracy of the partial branching fractions used in the
analysis have no (or negligible) effect on the final result.
The dominant systematic uncertainties arise from the limited size of the MC sample and
imperfect modelling of real processes. They are summarized in Table I and described below.
To evaluate the effect of statistical uncertainties of the MC-determined parameters that
describe the shapes of the PDF, relative proportion of peaking background, scale factors of
background components, and correction factors for the acceptance non-uniformities, the pro-
cedure of FD
∗
L measurement is repeated by varying each parameter 1000 times at random,
assuming Gaussian errors, and taking into account correlations among them. The stan-
dard deviation of the obtained FD
∗
L distribution represents the corresponding systematic
uncertainty.
In the second category, the poor knowledge of semileptonic B decays to excited charmed
mesons, representing a large part of the peaking background, is an important source of
systematic uncertainty. For B → D¯∗∗`ν modes, the branching fractions are varied for each
D∗∗ resonance within experimental uncertainties: ±6%(D1), ±10%(D∗2), ±83%(D′1), and
±100%(D∗0, D(∗)(2D)) (assuming branching fractions of 0.5% for modes with radially excited
states, D(∗)(2S)). Uncertainties related to the form factor parameterization are negligible.
Uncertainty coming from B → D¯∗∗τν decays, with the expected B(B → D¯∗∗τν) ≈ 0.3%, is
evaluated by changing their contribution by ±100% in the BB¯ MC sample.
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FIG. 1. Fit projections to Mtag distributions in three bins of cos θhel for τ → piντ (sequential
columns) and D → Kpi (top), D → Kpipi0 (middle), D → K3pi (bottom). The solid lines show
the result of the fit. Contributions of the signal, combinatorial and peaking backgrounds are
represented by the red (dot-dashed), blue (dashed) and green (dotted) lines, respectively.
To estimate the uncertainties of combinatorial background from hadronic B decays, we
vary within ±50% the relative fractions of 2-body, 3-body and n-body (n > 3) hadronic
channels. Two-body decays of the type B → D¯∗M , where M denotes a meson with a mass
MM > 2 GeV, with correctly assigned daughters to Bsig and Btag decays, represent the main
peaking background in the τ → piντ mode. The systematic uncertainty coming from the
composition of the M states (mainly the cs¯ resonances) is evaluated by reweighting the q2
spectrum by ±100% in two ranges of q2: q2 < 6.2 GeV2 and q2 > 6.2 GeV2. (At q2 ≈ 6.2
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FIG. 2. Fit projections to Mtag distributions in three bins of cos θhel for τ → eν¯eντ (sequential
columns) and D → Kpi (top), D → Kpipi0 (middle), D → K3pi (bottom). The solid lines show
the result of the fit. Contributions of the signal, combinatorial and peaking backgrounds are
represented by the red (dot-dashed), blue (dashed) and green (dotted) lines, respectively.
GeV2 there is a sharp change in the cos θhel distribution for this component.)
Uncertainties due to the form factor parameterization of signal decays are estimated by
comparing the results obtained with the two versions of the signal MC, and found to be
very small. Uncertainties related to the cos θhel resolution and acceptance non-uniformities
along cos θhel depend on the actual value of the D
∗ polarization. To evaluate them, the
simulated signal events are reweighted to obtain cos θhel distributions that correspond to
arbitrary D∗ polarizations, and differences between the generated and measured values of
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FIG. 3. Fit projections to Mtag distributions in three bins of cos θhel for τ → µν¯µντ (sequential
columns) and D → Kpi (top), D → Kpipi0 (middle), D → K3pi (bottom). The solid lines show
the result of the fit. Contributions of the signal, combinatorial and peaking backgrounds are
represented by the red (dot-dashed), blue (dashed) and green (dotted) lines respectively.
FD
∗
L are considered as systematic uncertainties. Uncertainties due to imperfect modeling of
the cos θhel resolution are within ±0.003 in the full range of FD∗L values. Variation of the
cos θhel distribution affects the correction factors sI , resulting in the uncertainty of
+0.015
−0.005 for
the measured value of FD
∗
L = 0.60.
13
FIG. 4. The measured cos θhel distribution in B
0 → D∗−τ+ντ decays (data points with statistical
errors); the fit result is overlaid (red line) with FD
∗
L = 0.60. The yellow band represents the SM
prediction of Ref. [20].
TABLE I. Summary of systematic uncertainties
Source ∆FD
∗
L
Monte Carlo AR shape and peaking background ±0.032
statistics CB shape ±0.010
Background scale factors ±0.001
Background B → D∗∗`ν ±0.003
modeling B → D∗∗τν ±0.011
B → hadrons ±0.005
B → D¯∗M ±0.004
Signal modeling Form factors ±0.002
cos θhel resolution ±0.003
Acceptance non-uniformity +0.015−0.005
Total +0.039−0.037
CONCLUSIONS
We report the first measurement of the D∗ polarization in semitauonic decay B0 →
D∗−τ+ντ . The result is based on a data sample of 772 × 106 BB¯ pairs collected with
the Belle detector. The fraction of D∗− longitudinal polarization, measured assuming SM
dynamics, is found to be FD
∗
L = 0.60 ± 0.08(stat) ± 0.04(syst), and agrees within 1.6 (1.8)
standard deviations with the SM predicted values (FD
∗
L )SM = 0.457±0.010 [21] (0.441±0.006
[20]).
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